Prospective intraindividual comparison between respiratory-triggered balanced steady-state free precession and breath-hold gradient-echo and time-of-flight magnetic resonance imaging for assessment of portal and hepatic veins Abstract The purpose of this study was to compare respiratory-triggered balanced steady-state free precession (bSSFP) with breath-hold contrastenhanced dynamic two-dimensional (2D) gradient-echo (GRE) and timeof-flight (TOF) magnetic resonance imaging (MRI) for portal and hepatic vein visualization and assessment of portal and hepatic venous variants. Sixty patients with liver disease underwent nonenhanced bSSFP and contrast-enhanced GRE, bSSFP, and TOF imaging. Contrast-to-noise ratios (CNRs) for portal and hepatic veins were measured. Two readers rated the quality of portal and hepatic vein visualization on a 5-point Likert scale. The diagnostic performance of each MRI series in the detection of portal and hepatic venous variants was assessed in 40/60 patients who also underwent contrast-enhanced multidetector-row computed tomography (MDCT). CNRs for portal and hepatic veins were highest on contrastenhanced bSSFP images. Image quality of portal and hepatic veins was rated higher for nonenhanced bSSFP than for contrast-enhanced GRE (p<0.03) and TOF (p<0.003) and higher for contrast-enhanced than for nonenhanced bSSFP (p<0.003). Compared with MDCT, portal and hepatic venous variants were identified with an accuracy of 99% on bSSFP images, with an excellent interobserver agreement (κ=0.97). Compared with MDCT, presence of surgically important portal and hepatic venous anatomical variants can be predicted with high accuracy on bSSFP images.
Introduction
Breath-hold, dynamic two-dimensional (2D) and threedimensional (3D) gradient-echo (GRE) magnetic resonance imaging (MRI) using extracellular gadolinium-based contrast agents have emerged as accurate techniques for detection and characterization of focal liver lesions and assessment of the hepatic vasculature in patients with liver disease [1] [2] [3] . However, visualization of portal and hepatic veins by contrast-enhanced dynamic GRE imaging may be limited due to respiratory motion artifacts in patients with compromised respiratory function who are unable to hold their breath long enough several times in succession for dynamic GRE imaging [4] [5] [6] . In addition to dynamic contrast-enhanced GRE imaging, time-of-flight (TOF) sequences have been demonstrated to allow accurate assessment of portal and hepatic veins in patients with liver disease with and without the use of intravenous contrast medium [7, 8] . However, TOF imaging is time consuming and limited in patients who have difficulties in holding their breath.
Balanced steady-state free precession (bSSFP) sequences are known to provide high signal from tissues with large ratios of T2 to T1 relaxation times, as may be found in blood, fluid, and fat, without the need of intravenous contrast medium. The introduction of fatsignal suppression in bSSFP imaging allows nonenhanced, flow-independent, visualization of the abdominal vasculature [9, 10] . In a preliminary study with 11 patients, Wilson et al. [4] showed the feasibility of visualization of portal and hepatic veins by fat-suppressed, respiratory-triggered 2D bSSFP imaging. In ten patients who underwent right lobectomy of the liver, Carr et al. [5] depicted all accessory right hepatic veins on preoperative bSSFP imaging compared with the intraoperative findings.
The purpose of this study was a prospective intraindividual comparison of nonenhanced and contrast-enhanced fat-suppressed respiratory-triggered 2D bSSFP imaging with breath-hold contrast-enhanced dynamic 2D GRE and 2D TOF imaging for visualization of portal and hepatic veins and for assessment of surgically important portal and hepatic venous anatomical variants in patients with liver disease. When available, contrast-enhanced multidetectorrow computed tomography (MDCT) was used as the standard of reference.
Materials and methods

Patients
During a 6-month period, 60 consecutive patients with liver disease who underwent MRI of the liver for clinical indications were prospectively included into the study. Clinical indications for MRI were characterization of focal liver lesions in 42/60 patients (70%) and preoperative assessment of the liver before liver transplantation in 18/60 patients (30%). Liver cirrhosis was present in 32 of 60 patients (53%). The underlying cause of liver cirrhosis was hepatitis C in 18 patients, alcohol abuse in six, hepatitis B in five, and hepatitis B combined with hepatitis C in three. Exclusion criteria for participation were history of an adverse reaction to paramagnetic contrast media besides general contraindications for MRI. During the study period, none of the 60 patients were excluded. Hence, the study group consisted of 60 adult patients (39 men with a mean age of 55 years, range 35-72 years; 21 women with a mean age of 46 years, range 23-70 years).
A contrast-enhanced MDCT examination of the liver during the portal venous phase was available in 40 (67%) patients (24 men with a mean age of 52 years, range 41-76 years; 16 women with a mean age of 52 years, range 23-70 years). Twenty-two of the 40 patients (55%) underwent MDCT imaging before (mean, 120 days; range, 22-229 days) and 18/40 (45%) underwent MDCT after (mean, 80 days; range, 9-189 days) MRI. MDCT data sets of these 40 patients were used as standard of reference for detection of surgically important anatomical variants of portal and hepatic veins as well as presence of portal venous thrombosis.
The study was approved by the hospital's Institutional Review Board, and informed consent was obtained from all patients.
MRI
In all 60 patients, MRI was performed using a 1.5-T MR system (Signa EchoSpeed Plus, GE Healthcare, Milwaukee, WI, USA). Patients were positioned supine and feet first on the scan table with their arms placed above the head. An anteroposterior eight-element phased-array surface coil for signal reception was placed around the patient, covering the entire liver in all patients. A respiratory belt was placed around the patient's upper abdomen for respiratory triggering.
In addition to the sequences evaluated for the purpose of the study (see below), the imaging protocol of the liver in Flip angle  60°80°60°60°M  atrix  256×224  256×224  256×224  256×224  Slice thickness  5 mm  3 mm  5 mm  5 mm  Field of view  40×40  40×40  40×40  40×40 bSSFP balanced steady-state free precession, GRE gradient echo, TOF time of flight our institution included a transverse T2-weighted fast spin echo sequence with fat saturation, transverse T1-weighted fast multiplanar spoiled gradient recalled echo sequences in and out of phase, as well as a T2-weighted single shot fast spin echo sequence in the coronal plane without contrast medium application. The imaging parameters of the different MR sequences used for the purpose of the study are summarized in Table 1 . First, in all 60 patients, data from a nonenhanced fat-suppressed (using a spectrally fat-selective inversion pulse) 2D bSSFP sequence [fast imaging employing steady-state acquisition (FIESTA); GE Healthcare's bSSFP version] in the transverse plane was obtained. Subsequently, images from a transverse dynamic fatsaturated T1-weighted 2D fast GRE sequence [fast spoiled gradient-echo sequence (FSPGR)], a fat-suppressed 2D bSSFP sequence, as well as a 2D fast TOF sequence were acquired in all 60 patients after intravenous application of gadolinium diethylene triamine pentaacetic acid (Gd-DTPA) (Magnevist, Schering AG, Berlin, Germany). Gd-DTPA was administered through a 20-to 22-gauge needle placed in an antecubital vein at a dose of 0.1 mmol/kg body weight and at a flow rate of 2 ml/s using a power injector (Spectris, Medrad, Indianola, PA, USA). The contrast bolus was followed by a 20-ml saline flush administered at the same flow rate.
Data from the GRE sequence were obtained in the hepatic arterial phase, the portal venous phase (60-80 s after contrast medium administration), and the equilibrium phase (180-240 s after contrast medium administration). Optimal delay times for the hepatic arterial phase were determined individually for each patient by using a test bolus of 2 ml Gd-DTPA and a multiphase sagittal singlesection gradient-recalled-echo sequence (repetition time, 5 ms; echo time, 1 ms; flip angle, 60°). Following the dynamic contrast-enhanced GRE MRI, first, the 2D bSSFP sequence was repeated and then the 2D TOF images were acquired without administration of a second contrast medium bolus in all patients. In all patients, GRE and TOF images were acquired during maximal inspiration. Balanced SSFP imaging was performed with respiratory triggering. The signal from the respiratory belt was used to trigger the start of the bSSFP sequence at the beginning of the end-expiration phase, which eliminated the need for respiration suspension. Since one image was acquired per breathing cycle, acquisition time of the respiratory synchronized sequences was given by the product of the total number of slices times the breathing-cycle period (range, 2 min 10 s to 2 min 40 s; trigger point and trigger window at 20%). In contrast, imaging time of the GRE sequences corresponded to a single breath-hold period (range, 25-30 s) whereas that of the TOF sequences corresponded to multiple 14-s breath-hold periods (range of imaging time, 2 min 30 s to 2 min 45 s).
MDCT imaging
In all 40 patients who underwent MDCT for clinical reasons, MDCT scans were obtained with a 16-detectorrow CT scanner (Sensation 16; Siemens, Forchheim, Germany). Contrast-enhanced MDCT scanning was performed during portal venous phase (60-80 s after contrast medium application) after intravenous injection of 120 ml nonionic iodinated contrast medium (iodixanol; Visipaque; Amersham Health, Buckinghamshire, England; 270 mg iodine per milliliter) via a 20-to 22-gauge needle, which had been placed into a superficial vein in the antecubital fossa. The contrast medium was administered with an automated injector (Ulrich Medical AG, Ulm-Jungingen, Germany) at a flow rate of 4 ml/s followed by a 30-ml flush of saline administered at the same flow rate. Data acquisition was performed with a nominal section thickness of 1.5 mm, a table feed of 20 mm per rotation, and a 0.5-s gantry rotation time (pitch, 0.8). X-ray tube voltage setting was 120 kV at a mean tube current of 160 mA. Transverse sections were reconstructed with a slice thickness of 2 mm at an interval of 1 mm. The reconstruction field of view was 30 cm at a matrix size of 512×512.
Image analysis
Images were quantitatively and qualitatively analyzed on a dedicated interactive workstation (Advantage Windows Workstation 4.2, GE Healthcare, Buc, France).
Quantitative analysis of MRI
In all 60 patients, contrast-to-noise ratios (CNRs) were measured by one author of the study who was blinded to all patient data and who was not involved in the further course of the study. Quantitative image analysis was performed randomly with regard to patients order and MRI series. In addition, the different MRI series of each patient were analyzed in random order. Vessel to adjacent liver parenchyma CNRs were measured for the main (MPV), right (RPV), and left (LPV) portal vein, for the intrahepatic inferior vena cava (IVC), and for the largest of the three hepatic veins [right (RHV), middle (MHV), or left (LHV)]. To this end, reader-defined regions of interest (ROIs) were placed in the respective vessel, the adjacent liver parenchyma, and an image region in the air adjacent to the body within the coil. In the hepatic veins, ROIs were placed 1 cm proximal to the IVC. Once one of the three hepatic veins had been chosen for CNR measurement, the same vein was evaluated in all MRI series. Identical ROIs were used for all MRI series of a given patient unless slight positional changes due to respiration or patient movement required minimum adjustment of the ROIs. The ROIs were set to encompass as much as possible of each vessel (mean, . CNR values were calculated as follows: CNR = (mean signal intensity in the vesselmean signal intensity in the adjacent liver parenchyma)/ standard deviation (SD) of the magnitude background signal in the air adjacent to the body within the coil.
Qualitative analysis of MRI Subjective MRI quality of the MPV, RPV, LPV, intrahepatic IVC, and the three hepatic veins (RHV, MHV, and LHV together) was assessed for all sequence types in a consensus reading by two radiologists (readers 1 and 2) experienced in abdominal MRI. All MRIs of all 60 patients were available on the interactive workstation. The readers were blinded to all clinical data, and image analysis was performed randomly with regard to patients and MRI series. Both readers were allowed to individually adjust window centers and level settings for image analysis. A cine mode was available for rapid interactive interpretation. In addition, both readers were allowed to use transverse thick-slab maximum intensity projections (MIPs) of the MR data sets if considered useful. The image quality of each vessel was graded on a 5-point Likert scale: 1, not visible (no diagnostic information can be obtained from the images); 2, poor visibility (image quality of vessel is degraded due to low signal intensity and blurring artifacts); 3, moderate visibility (image quality of vessel is degraded due to low signal intensity or blurring artifacts); 4, good visibility (high signal intensity and slight blurring artifacts); and 5, excellent visibility (high signal intensity and no blurring artifacts).
In 40 patients who also underwent MDCT imaging, readers 1 and 2 independently evaluated each MRI series with regard to the presence of surgically important anatomical variants of the intrahepatic portions of portal and hepatic veins. Patients as well as the MRI series were presented in random order. To minimize recall bias, only one MRI series was evaluated per reading session, which were separated by 3 weeks. The number and branching patterns of the RHV, MHV, and LHV were noted. The presence of three hepatic veins with a common trunk of the MHV and LHV on the IVC was considered the standard anatomy of the hepatic veins. Special attention was given to the presence of large (>3 mm) accessory RHV draining segments V to VIII directly into the IVC or into the MHV and to the presence of supernumerary LHVs [11] . In addition, presence of a separate drainage of the MHV and LHV into the IVC was noted. Simple bifurcation of the MPV into the RPV and the LPV with the RPV dividing into the right anterior and right posterior branches was considered as the standard anatomy of the portal vein [12] . Special attention was paid to the presence of a trifurcation of the MPV.
Finally, readers 1 and 2 independently notified the presence of a thrombus in the MPV, RPV, or LPV in each MRI series of those 40 patients who also underwent MDCT imaging.
Analysis of MDCT imaging
All contrast-enhanced MDCT images were evaluated by a consensus panel consisting of one radiologist (reader 3) and two surgeons with experience in liver surgery (readers 4 and 5) on the basis of the transverse MDCT source data available on the interactive workstation (Advantage Windows Workstation 4.2). Readers were allowed to individually adjust window centers and level settings of MDCT images and use transverse thick-slab MIPs of the MDCT data sets, if considered useful. All MDCT data sets were assessed in random order, and the readers were blinded to all patient data, including results from MRI. For assessment of surgically important portal and hepatic venous anatomical variants, the same classification was used as for the evaluation of the MRI series. One reader (reader 3) measured the diameter of the accessory hepatic veins with an electronic caliper. In addition, readers 3-5 were asked to notify the presence of a thrombus in the MPV, RPV, or LPV based on a consensus reading of the MDCT scans.
Statistical analysis
The differences between nonenhanced bSSFP and contrastenhanced GRE, bSSFP, and TOF with regard to CNRs and subjective image quality were evaluated with the Wilcoxon signed rank test. A comparisonwise p value of .05 or less was considered to indicate a statistically significant difference. CNRs and grading of subjective image quality are presented as means ± SDs. Total sensitivities, specificities, positive and negative predictive values, and accuracy of each MRI series compared with contrastenhanced MDCT with regard to detection of surgically important portal and hepatic venous anatomical variants were calculated for each reader separately (readers 1 and 2) in 40 patients. To address dependencies of image analysis within the same patient, 95% confidence intervals (CI) were calculated by using the proportion procedure for survey data of Stata (StataCorp, College Station, TX, USA) with the patient as primary sample unit. With regard to detection of surgically important portal and hepatic venous anatomical variants, differences between sensitivities and accuracy between each MRI series were assessed for each reader with the Wilcoxon signed rank test and using MDCT as the standard of reference. Total interobserver agreements between readers 1 and 2 for depiction of surgically important portal and hepatic venous anatomical variants were determined by calculating κ values for each MRI series (poor, κ=0; slight, κ 0.01-0.2; fair, κ 0.21-0.40; moderate, κ 0.41-0.60; good, κ 0.61-0.80; and excellent , κ 0.81-1.00 agreement [13] . Table 2 summarizes the means ± SDs of CNRs as measured for portal and hepatic veins for each different MRI series. CNRs were statistically higher on contrast-enhanced bSSFP compared with nonenhanced bSSFP images in portal and hepatic veins (all p<0.03). CNRs for portal and hepatic veins on nonenhanced bSSFP were statistically higher than on contrast-enhanced GRE images (all p<0.02). CNRs were not statistically different for portal and hepatic veins on nonenhanced bSSFP compared with contrast-enhanced TOF images (all p>0.1).
Results
Quantitative image analysis
Qualitative image analysis Table 3 summarizes means ± standard deviations of the subjective image quality of portal and hepatic veins as assessed on nonenhanced bSSFP and contrast-enhanced GRE, bSSFP, and TOF images. Subjective image quality of portal and hepatic veins was rated significantly higher by both readers on nonenhanced bSSFP compared with contrast-enhanced GRE (all p<0.03) and TOF (all p<0.003) (Fig. 1) . On contrast-enhanced bSSFP, subjective image quality of portal and hepatic veins was rated significantly higher than that of nonenhanced bSSFP images by both readers (all p<0.003).
Findings regarding surgically important anatomical variants of intrahepatic portions of hepatic and portal veins as independently assessed by readers 1 and 2 on nonenhanced bSSFP, contrast-enhanced GRE, bSSFP, and TOF MRI, as well as by a consensus reading of readers 3-5 on MDCT imaging in 40 patients are summarized in Table 4 . On MDCT images, 46 accessory RHVs and LHVs with a mean diameter of 5.7 mm (range, 4.0-8.2 mm) were identified in 22/40 patients (55%) (Figs. 1, 2 and 3) . In ten of these 22 patients (45%) there were two or more accessory veins. Separate drainage of the MHV and LHV into the IVC was present in 10/40 patients (25%). Portal vein trifurcation was identified in 4/40 patients (10%) (Fig. 4) .
On both nonenhanced and contrast-enhanced bSSFP images, reader 1 missed one tributary vein from segment VIII and reader 2 missed one accessory vein from segment V and one tributary vein from segment VIII. Both readers depicted all accessory left veins and all separate drainage of the MHV and LHV into the IVC based on nonenhanced and contrast-enhanced bSSFP images. On contrast-enhanced GRE, reader 1 missed four tributary veins from segment VIII whereas reader 2 missed one accessory vein from segment V (Fig. 2) , two accessory veins from segment VI (Fig. 3) , one tributary vein from segment VII, and three tributary veins from segment VIII. In addition, reader 2 missed one separate drainage of the MHV and LHV into the IVC. On contrast-enhanced TOF images, reader 1 did not register three tributary veins from segment VIII; reader 2 missed one accessory vein from segment V and VI, respectively, and three tributary veins from segment VIII. Furthermore, reader 2 did not notify a separate drainage of the MHV and LHV into the IVC in one patient. Table 5 summarizes sensitivities, specificities, positive and negative predictive values, and accuracy of readers 1 and 2 compared with MDCT for each MRI series in the detection of surgically important portal and hepatic venous anatomical variants. For both readers, accuracy in comparison with MDCT reached 97% or more. There were no significant differences in sensitivity and accuracy between the MRI series for both readers with regard to detection of surgically important portal and hepatic venous anatomical variants (p>0.1).
There was excellent agreement between readers 1 and 2 in detection of surgically important portal and hepatic venous anatomical variants on all MRI series, including nonenhanced bSSFP (κ=0.97), contrast-enhanced GRE preoperatively. In addition, duplex US does not provide a preoperative road map of portal and hepatic vein anatomy, which is considered of help for surgical planning. Due to the fast imaging capabilities of MDCT scanners, a resolution of the intravenous contrast bolus passage into separate phases, including the hepatic arterial and portal venous phases, became possible. Several studies have demonstrated excellent correlation between MDCT imaging and catheter DSA or intraoperative sonography in assessment of portal and hepatic veins, with accuracy of up to 100% for depiction of surgically important portal and hepatic venous anatomical variants [14] [15] [16] [17] . However, MDCT with the use of iodinated contrast medium, is limited in patients with renal insufficiency. In addition, a major drawback of MDCT imaging is the potentially hazardous radiation exposure associated with this technique. A radiation dose between 15 and 20 mSv has been estimated for a dedicated MDCT examination of the liver, which restricts the use of MDCT imaging, particular in healthy young potential living liver donors [18] .
Breath-hold dynamic contrast-enhanced GRE imaging has been established as a safe, accurate, and noninvasive imaging technique for assessment of the hepatic vasculature without the use of ionizing radiation [1] [2] [3] . However, since preoperative assessment of the hepatic vasculature includes evaluation of the hepatic arterial supply apart from assessment of portal and hepatic veins, the first postcontrast MRI data acquisition is usually timed to coincide with the hepatic arterial phase of the contrast bolus. The following postcontrast MRI data acquisitions, therefore, may not be optimally synchronized with the portal venous contrast phases in some instances [4, 5] . Furthermore, patients with hepatic encephalopathy, ascites or cardiopulmonary diseases may not be able to repeatedly hold their breath, thereby limiting the technique's utility in patients with liver disease and compromised respiratory function. In general, the scan time in patients who cannot hold their breath long enough can be reduced by increasing the slice thickness, decreasing the number of phaseencoding steps, increasing the receiver bandwidth, and/or by parallel imaging. Most often, these options compromise image quality. Therefore, an additional approach is desired for dedicated assessment of portal and hepatic veins.
Fat-suppressed balanced bSSFP is a fast imaging technique with the capability of respiratory-triggering, which can also be performed in patients who cannot hold their breath several times in succession. The bSSFP sequence yields an image contrast that depends on ratios of T2 over T1 relaxation times and, thus, offers bright signal from blood and fat [9, 10] . Therefore, this sequence can also be used for morphological vascular imaging without the need of intravenous contrast medium [10] . Wilson et al. [4] have shown that nonenhanced respiratorytriggered bSSFP imaging is accurate for assessment of the portal vein. Compared with contrast-enhanced CT, US, or catheter DSA as standards of reference, bSSFP imaging correctly depicted portal venous pathologies, including portal vein occlusion, stenosis, and tumor compression in ten out of 11 patients [4] . In a study with 24 patients, Carr et al. [5] demonstrated improved visualization of the portal vein and its branches on bSSFP images compared with contrast-enhanced dynamic GRE imaging. In all ten patients who underwent right lobectomy in this study, bSSFP imaging visualized accessory hepatic vein branches with sensitivity and specificity of 100%, respectively, compared with intraoperative findings [5] . Amano et al. [19] also confirmed the potential of bSSFP imaging for assessment of portal and visceral veins in 20 patients with chronic liver disease or other types of abdominal organ disorders.
Our study demonstrated good feasibility of fat-suppressed bSSFP imaging for assessment of portal and hepatic veins in a large number of patients with and without liver cirrhosis. On average, subjective image quality of the different vessels of portal and hepatic veins was rated higher by both readers on bSSFP images than on contrast-enhanced GRE and TOF images.
The feasibility of bSSFP imaging for assessment of portal and hepatic veins is also reflected by the high CNR values measured for portal and hepatic veins. CNRs were significantly higher on bSSFP imaging compared with CNRs on GRE imaging. In addition, CNRs were significantly higher on contrast-enhanced than on nonenhanced bSSFP images. Furthermore, image quality of 100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) PPV 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) 100 (100,100) NPV 99. Data in parentheses are 95% confidence intervals bSSFP balanced steady-state free precession, GRE gradient echo, TOF time of flight, PPV positive predictive value, NPV negative predictive value portal and hepatic veins was rated significantly higher on contrast-enhanced bSSFP than on nonenhanced bSSFP images by both readers. Since the center of k-space was measured in the 112th TR period, the contrast of our images is expected to closely resemble the steady-state signal contrast even though acquisition was synchronized with the breathing rhythm. Since visualization of blood in bSSFP imaging thus depends on the ratio of blood T2 to T1 relaxation times, CNRs in portal and hepatic veins are increased by a decrease of the T1 relaxation time of blood after intravenous administration of contrast medium, which is relatively larger than the decrease of the T2 time. Foo et al. [20] estimated that the contrast-enhanced bSSFP blood signal is higher than the nonenhanced blood bSSFP signal for up to 10 to 20 min after intravenous contrast medium administration. Therefore, to fully exploit the potential of bSSFP imaging, acquisition of the bSSFP sequence should be performed after intravenous administration of contrast medium in patients who undergo contrast-enhanced imaging of the liver. There was no statistically significant difference between nonenhanced bSSFP imaging and contrast-enhanced TOF imaging with regard to the measured CNRs in portal and hepatic veins. However, subjective image quality of portal and hepatic veins as rated by both readers was significantly higher for bSSFP images than for contrast-enhanced TOF images due to smaller respiration artifacts. Compared with TOF imaging, bSSFP imaging can be performed with respiratory triggering and, therefore, may also be acquired in patients who are not able to repeatedly hold their breath. Thus, bSSFP imaging may be preferred to TOF imaging for assessment of portal and hepatic veins in patients with liver disease.
In particular, in living-donor liver transplantation, preoperative knowledge of vascular structures traversing the surgical plane is important to minimize vascular complications and provide good liver function. It has been increasingly recognized that right accessory hepatic veins larger than 3 mm and draining segments V to VIII should be anastomosed into the IVC of the recipient to prevent hepatic venous congestion of the liver graft [21] . Accordingly, in partial transplantation of left liver grafts, in particular in pediatric or small adult recipients, accurate preoperative depiction of anatomical variants of the outflow of segments II-IV (including absence of a common trunk of MHV and LHV or presence of an accessory LHV) is important for adequate outflow reconstruction of all hepatic veins to avoid early graft dysfunction [22] . Bench surgery with hepatic-vein venoplasty or the interposition of a venous graft from the living donor (e.g., saphenous vein or inferior mesenteric vein), cadaveric grafts or nonbiologic conduits have been used to drain paramedian segments (i.e., segment IV in left liver donation or segments V-VIII in right liver donation) [23, 24] . Based on MDCT imaging, accessory right and left hepatic veins larger than 3 mm were present in 55% of patients in our study. On nonenhanced and contrastenhanced bSSFP imaging, both readers detected accessory hepatic veins with an accuracy of 99% compared with MDCT imaging. The high level of reliability of bSSFP imaging in the detection of hepatic venous anatomical variants is reflected by excellent interobserver agreement in this study. Due to respiration artifacts, both readers missed four and eight accessory right and left hepatic veins, respectively, on contrast-enhanced GRE and three and six accessory right and left veins, respectively, on contrastenhanced TOF imaging. In addition, interobserver agreement with regard to depiction of variant portal and hepatic venous anatomy was lower on both contrast-enhanced GRE and TOF imaging compared with bSSFP imaging but was, however, still excellent. Separate drainage of the MHV and LHV into the IVC was present in ten of 40 patients (25%) in our study and was correctly depicted on nonenhanced and contrast-enhanced bSSFP imaging by both readers. In one of ten patients, reader 2 missed the separate drainage of the MHV and LHV into the IVC on both contrast-enhanced GRE and TOF imaging.
Another important issue in living-donor liver transplantation is the portal venous anatomy of the partial graft. Since selection criteria for potential liver donors are very strict, some transplantation centers refuse donors with documented anatomical variants of the portal vein. Portal vein trifurcation has been reported in 4-16% of patients on CT, US, or intraoperative studies [10, [17] [18] [19] [20] . In our study, portal vein trifurcation was present in four of 40 patients (10%) based on MDCT imaging and was detected by both readers in all four patients on all MRI series.
The results of this study may have direct influence on the MRI protocol of patients with liver disease. In our daily clinical practice, bSSFP imaging is now used as an accurate complement for assessment of portal and hepatic veins in patients who cannot hold their breath long enough several times in succession. We obtain the bSSFP sequence at the end of our liver imaging protocol after administration of intravenous contrast medium since our study has demonstrated that both CNRs and image quality are higher on contrast-enhanced compared with nonenhanced bSSFP imaging.
The following limitations of our study need to be addressed. First, assessment of accuracy of bSSFP imaging with regard to detection of surgically important anatomical variants of portal and hepatic veins was only possible in the subgroup of 40 of 60 patients (67%) with available contrast-enhanced MDCT of the liver. Second, we did not compare the 2D bSSFP sequence with a 3D GRE sequence, which has been shown to be valuable for assessment of portal and hepatic veins [1, 2] . However, for better comparison with the 2D bSSFP sequence used in our study, we chose a 2D sequence for GRE imaging with the same slice thickness, matrix, and field of view. In addition, a second MRI session with additional intravenous administration of contrast medium for comparison with a contrast-enhanced dynamic 3D GRE sequence was considered not justified. Future studies are needed to compare the performance of the bSSFP sequence with a contrastenhanced 3D GRE sequence for assessment of portal and hepatic veins. Finally, with the introduction of parallel imaging techniques reduction of the imaging time of GRE imaging can be achieved [6] . Further studies are warranted to demonstrate improved image quality of portal and hepatic veins on GRE imaging by using parallel imaging techniques in patients with problems holding their breath.
In conclusion, our study demonstrated in a prospective intraindividual comparison of patients with liver disease that fat-suppressed, respiratory-triggered 2D bSSFP imaging is useful for assessment of portal and hepatic veins. Compared with contrast-enhanced MDCT as a standard of reference, the presence of surgically important portal and hepatic venous anatomical variants can be predicted with high accuracy.
